In this work the rolling detachment of particles from surfaces in the presence of electrostatic and capillary forces based on the maximum adhesion resistance was studied. The effective thermodynamic work of adhesion, including the effects of electrostatic and capillary forces, was used in the analysis. The Johnson, Kendall and Roberts (JKR) and Derjaguin, Muller and Toporov (DMT) models for elastic interface deformations and the Maugis-Pollock model for plastic deformation were extended to include the effect of electrostatic and capillary forces. Under turbulent flow conditions, the criteria for incipient rolling detachment were evaluated. The turbulence burst model was used to evaluate the airflow velocity near the substrate. The critical shear velocities for removal of particles of different sizes were evaluated, and the results were compared with those without electrostatic and capillary forces. The model predictions were compared with the available experimental data and good agreement was observed. © Koninklijke Brill NV, Leiden, 2011 Keywords Particle adhesion, particle removal, electrostatic force, capillary force, surface tension, resuspension, elastic deformation, plastic deformation Technol. 25 (2011Technol. 25 ( ) 1175Technol. 25 ( -1210 1177 t time, s T temperature, K u * c minimum shear velocity needed for detaching a particle from the substrate, m/s u + M nondimensional maximum gas velocity at the mass center of the particle u M maximum gas velocity at the mass center of the particle 
Introduction
Fine particle adhesion and removal from surfaces have attracted considerable attention due to their numerous applications in semiconductor, pharmaceutical and xerographic industries. Despite numerous studies, the effects of electrostatic and capillary forces on particle adhesion and removal are not fully understood.
Particle adhesion and removal have been reviewed by Corn [1] , Krupp [2] , Visser [3] , Tabor [4] , Bowling [5] and Berkeley [6] . For particles under dry conditions and in the absence of electric forces, the van der Waals force is the major contributing force to the particle adhesion to a surface. Bradley [7] and Derjaguin [8] independently postulated the effect of contact deformation on particle adhesion. Johnson, Kendall and Roberts [9] developed a particle adhesion theory, now referred to as the JKR adhesion model, which includes the effects of the surface energy and surface deformation. Kendall [10] investigated the rolling friction and adhesion between smooth solids. Based on the Hertzian profile assumption and including the effects of surface energy, Derjaguin, Muller and Toporov [11] developed the so-called DMT model. Maugis and Pollock [12] developed a particle adhesion model to consider plastic deformation, which is referred to as the Maugis-Pollock model. Other adhesion models include the works by Tsai, Pui and Liu [13] and Maugis [14] . Reviews of these earlier works were reported by Ranade [15] and Mittal [16] . More recent studies on particle adhesion were performed by Quesnel et al. [17] and Kendall [18] . Because particle adhesion force per unit mass increases sharply as the particle size decreases, it is very difficult to remove particles with diameters smaller than 1 µm.
There has been some debate on the validity of the JKR and DMT models. Muller et al. [19, 20] tested the regime of the JKR and DMT models using a Leonard-Jones potential and suggested that the DMT model applies for a system with high Young's modulus, low surface energy, and small-diameter particles, while the JKR model is more suitable for a system with low Young's modulus, high surface energy, and large-diameter particles.
For charged particles in the presence of an electric field, the electrostatic forces strongly affect the particle transport, as well as adhesion and detachment. Donald [21, 22] , Donald and Watson [23] , and Lee and Ayala [24] showed that there was a strong dependence of the adhesion force on charges carried by toner particles even in the absence of an imposed external electric field. Donald and Watson [25] developed a model to include the effect of an electric field on particle adhesion in xerographic processes. Goel and Spencer [26] analyzed the effect of the electrostatic and van der Waals forces on the adhesion of toner particles. They concluded that for large particles (about 15 µm), the electrostatic image force dominates the particle adhesion, while for small particles (about 5 µm), the van der Waals force becomes the dominant force.
Hays [27, 28] studied the detachment of charged toner particles under an electric field and suggested that the large adhesion force was due to the electrostatic image force of 'patchy' charges that were concentrated on particle asperities. Lee and Jaffe [29] also reported the effect of electrostatic forces on the adhesion of toner particles in xerographic printers. Mizes [30] quantified the relative contributions of non-electrostatic and electrostatic forces to the net particle adhesion force. He concluded that under large electric fields (2-8 V/µm), the electrostatic contributions dominated the non-electrostatic effects. Schaefer et al. [31] evaluated the deformation of a polystyrene particle by investigating the force curve. Schaefer et al. [32] also studied the adhesion force by measuring the force needed to remove different particles from a variety of substrates. Tombs [33] investigated the effect of surface moisture on the electrostatic force by calculating the image force using complex linear multipoles. Gady [34] and Gady et al. [35, 36] measured the interaction forces between micro-particles and flat substrates and provided information on the relative contributions to the net interaction due to van der Walls and electrostatic forces. Rimai et al. [37] discussed the nature of the deformations which tend to be caused by van der Waals and electrostatic interactions. Rimai et al. [38] measured the force needed to remove toner particles using ultracentrifugation and found that adhesion is dominated by van der Waals interactions for toner particles with a number-weighted diameter of 6.5 µm and a charge of approximately 20-25 µC/g, while electrostatic interactions can also significantly contribute to the adhesion forces for highly charged particles. Soltani and Ahmadi [39] studied rough particle detachment with electrostatic forces in turbulent flows. Their predictions agreed well with the experimental results by Hays [27, 28] and Mizes [30] . Feng and Hays [40] performed a finite-element analysis of the electrostatic force on a uniformly charged dielectric sphere resting on a dielectric-coated electrode in a detaching electric field. Masashi and Manabu [41] measured particle adhesion force using the electric field detachment method. They found that the adhesion force increases with time elapsed after the particles are placed on a substrate. Hays and Sheflin [42] performed electric field detachment measurements on an ion-charged toner for different charge levels and found that the adhesion of ion-charged toner is less than that of triboelectrically charged toner. They suggested that the enhanced electrostatic adhesion of triboelectrically charged toner is attributed to a non-uniform surface charge distribution.
Hinds [43] and Nicholson [44] reviewed the work on particle resuspension processes. More recent studies on models of particle resuspension processes were provided by Wang [45] , Masironi and Fish [46] , Soltani and Ahmadi [47] [48] [49] [50] and Ibrahim et al. [51] . For particles in humid air, the capillary force significantly affects the detachment of the particles. Wei and Zhao [52, 53] found that the loading rate and the relative humidity have a major influence on adhesion. The effect of relative humidity on adhesion was also studied by Podczeck et al. [54] , Busnaina and Elsawy [55] and Tang and Busnaina [56] . Zimon [57] and Taheri and Bragg [58] performed experiments on particle resuspension in dry and humid air conditions. The experiments of Zimon [57] were conducted with humidity of less than 10%. Taheri and Bragg [58] carried out their experiments under the condition of normal room temperature and humidity; their results agree well with the simulation results found by Soltani and Ahmadi [49] for moist particle resuspension. Ibrahim et al. [53, 59] measured particle resuspension in both dry and humid air conditions. Their experiments were performed at a humidity of 25 ± 3% for the dry condition and 67% for the humid condition. A direct atomic force microscopy (AFM) measurement of adhesion force was reported by Gotzinger and Peukert [60, 61] . Recently, Ahmadi et al. [62] studied particle adhesion and detachment in turbulent flows, including the effect of capillary forces. More recently, Zhang and Ahmadi [63] used a maximum adhesion resistance moment model to study particle detachment with capillary force. They proposed an effective thermodynamic work of adhesion theory that includes capillary forces for particle adhesion and detachment in turbulent flows.
In this study, the rolling detachment of spherical particles in the presence of capillary and electrostatic forces for both elastic and plastic surface deformations was studied. An effective thermodynamic work of adhesion model was used to account for the effects of capillary and electrostatic forces for hydrophilic materials. The maximum adhesion resistance moments were evaluated using the JKR and the DMT models for elastic surface deformation, while the Maugis-Pollock model was used for the plastic surface deformation. The turbulence burst/inrush model was used for evaluating the near-wall velocity field. The rolling detachment of spherical particles was studied, and the critical shear velocities for detaching particles of various sizes were evaluated. The results were compared with those obtained in the absence of the electrostatic force and the capillary force. It was shown that the capillary and electrostatic forces significantly affected the particle adhesion and the opportunity for resuspension. The model predictions for the resuspension of glass particles from a glass substrate with an average Boltzmann charge distribution were compared with the available experimental data.
Adhesion Models
The adhesion models used in this study are similar to those described in detail and used in Zhang and Ahmadi [56] .
Capillary Force, Electrostatic Force and Effective Thermodynamic Work of Adhesion

Capillary Force
In this section, the introduction on capillary force is briefly presented. Detailed information about capillary force can be found in Zhang and Ahmadi [63] .
As shown in Fig. 1 , for hydrophilic materials in humid air, the capillary force is determined by the surface tension of water σ (= 0.0735 N/m, at room temperature), the particle diameter d, the wetting angle θ and the angle α as shown in Fig. 1 . That is:
(1) Figure 1 . Geometric features of a spherical particle attached to a surface with capillary effect.
The angle α is normally very small; therefore for small values of wetting angle θ , the expression for the capillary force becomes [15, 55] :
Charge Distribution
An aerosol particle rarely has zero charge due to the high ion concentration in the atmosphere. Particles smaller than 0.1 µm in diameter do not naturally contain a charge [64] . The number of natural charges increases with particle size. Particles can be charged through different mechanisms based on corresponding ionic atmosphere conditions. Three different charge distributions are outlined below.
Boltzmann Charge Distribution
Boltzmann charging occurs for small particles in a bipolar ionic atmosphere. For particles larger than 0.1 µm at normal condition, the average number of absolute charges per particle can be approximated by [39] :
where d is given in µm. Therefore the average number of positive or negative charges per particle is |n|/2 [39] .
Diffusion Charge Distribution
Diffusion charging occurs when uncharged particles obtain charges by the diffusion of charged unipolar gaseous ions onto their surfaces through random collisions between ions and particles. For a particle of diameter d c during diffusion charging time t, the approximate number of obtained charges n is given as [43] :
wherec i = 2.4 × 10 4 cm/s is the mean thermal speed of the ions, d c is particle diameter in cm, e c = 4.8 × 10 −10 stC (electrostatic units) is the electronic unit charge in cgs units, N i is the ion concentration, k = 1.38 × 10 16 ergs/K is the Boltzmann constant, and T is the temperature of the gas. In the subsequent analysis, a typical value of N i t ≈ 10 8 s/cm 3 is used.
Field Charge Distribution
Particles in an electric field acquire charges due to collisions with ions which are moving along the lines of force that intersect the particle surfaces. This process is known as field charging. After a sufficient time for a given charging condition, the saturation number of charges n acquired by the particle of diameter d is given as [43] :
where ε is the dielectric constant of the particle and E c is the electric field strength in cgs units. Equations (4) and (5) are expressed in cgs units. Field charging is the dominant mechanism for particles larger than 1 µm, and diffusion charging is the dominant mechanism for particles less than 1 µm.
Electrostatic Force
For a charged particle resting on a conducting substrate in the presence of an applied electric field, the electrostatic force acting on the particle is given as [39] :
where ε 0 = 8.859 × 10 −12 amp · s/V · m is the permittivity (dielectric constant of free space). d is the particle diameter, E is the electric field strength and q is the total electrical charge on the particle, which is given as [39] :
where e = 1.6 × 10 −19 C is the electronic unit charge in mks units and n is the number of units of charge. In equation (6), y is the distance of the particle from the surface, which is approximately half d; therefore, equation (6) becomes:
The first term on the right-hand side of equation (8) is the Coulomb force. The second term is the image force. The third term is the dielectrophoretic force on the induced dipole due to the gradient of the field from the image charge. The fourth term is the polarization force due to the interaction of the induced dipole and its image. The Coulomb and dielectrophoretic forces can be either toward or away from the substrate, depending on the charges carried by the particles and the direction of the electric field. The image and polarization forces are always toward the substrate.
In most cases of this study, the particles and substrates are made of the same material, so the electrical double layer force is neglected. This force is caused by the contact potential and becomes important when the particle and the substrate are made of different materials with a high level of contact potential or when particles are smaller than 10 µm.
In order to include the effects of capillary and electrostatic forces in the adhesion models, we assume that the particles without a charge are deposited on the substrate under dry conditions. When an electric field is applied and particles get charged, a liquid meniscus forms at the same time due to vapor condensation around the particle-substrate contact. Therefore, a superposition of van der Waals, capillary and electrostatic forces may be assumed. The total force needed to pull-off the particle then is F po + F c + F e , where F po is the pull-off force for overcoming the van der Waals adhesion, which is a function of the thermodynamic work of adhesion W A . The presence of the capillary force enhances the surface energy of the materials, while the electrostatic forces can increase or decrease the surface energy, depending on the charges carried by the particles and the direction of the electric field; therefore, it is reasonable to account for the combined effect of van der Waals adhesion, capillary and electrostatic forces with an effective thermodynamic work of adhesion W e A . This effective thermodynamic work of adhesion varies, depending on the adhesion model used.
Effective Thermodynamic Work of Adhesion
In the presence of the capillary and electrostatic forces, the effective pull-off force is equal to the sum of the van der Waals pull-off force, the capillary force and the electrostatic force. Then the effective thermodynamic work of adhesion may be defined by using an equivalent JKR model for evaluating the pull-off force. That is:
where W eJKR A is the effective work of adhesion for the JKR model. F c and F e are given by equations (2) and (8) . It then follows that:
The corresponding approximate expression for the effective contact radius is then given by replacing W A with W eJKR A in the contact radius expression:
where K is the composite Young's modulus and P is the applied normal load. The effective thermodynamic work of adhesion for the DMT and the MaugisPollock models can be obtained in a similar way. That is:
The corresponding effective contact radius as estimated from the DMT model is given as:
For the Maugis-Pollock model, the corresponding effective contact radius is given as:
where H is the hardness of the material.
Detachment Models
Particle detachment from a surface can happen through three mechanisms: rolling, sliding and lifting. Wang [45] and Soltani and Ahmadi [47, 48] pointed out that the detachment of smooth spherical particles is more easily achieved by the rolling motion, rather than by sliding and lifting. Therefore, only rolling detachment is discussed in this study.
Rolling Detachment Model
Ziskind et al. [65] developed a model for the rolling detachment of a sphere from a surface, where the detachment occurs when the hydrodynamic moment exceeds the maximum adhesion resistance moment evaluated for the JKR and DMT models for elastic surface and particle deformations. Here the approach is extended to include the effect of capillary and electrostatic forces as well as the effect of plastic surface deformation. Figure 1 shows a spherical particle attached to a planar surface in a fluid flow. The lift and gravity forces, which are very small, are neglected in this study. In humid air, a meniscus is formed at the particle-substrate contact. Here it is assumed that the particle without any charge is deposited on the substrate under a dry air condition. Then an electric field is applied, and the particle gets charged while at the same time a liquid meniscus forms around the particle-substrate contact. The particle will be detached when the moment of the hydrodynamic force about the point 'O' (which is located at the rear perimeter of the contact circle) overcomes the maximum adhesion resistance moment due to the combined adhesion, capillary and electrostatic forces. That is:
where F t is the fluid drag force, α o is the relative approach between the particle and surface, M t is the hydrodynamic moment about the center of the particle, and (P · a) max is the maximum adhesion resistance moment due to the combined adhesion, capillary and electrostatic forces. In most practical cases, α o can be neglected and equation (15) becomes:
Maximum Adhesion Resistance
To develop a particle rolling detachment model, the corresponding maximum adhesion resistance moment needs to be evaluated. In this study, the JKR and DMT adhesion models are used for elastic surface deformations, while the MaugisPollock adhesion model is used for plastic surface deformation. Using an approach similar to that developed by Zhang and Ahmadi [63] , one can obtain the maximum adhesion resistance moment for different adhesion models. For the JKR model without capillary and electrostatic forces:
For the JKR model with capillary and electrostatic forces:
For the DMT model without capillary and electrostatic forces:
For the DMT model with capillary and electrostatic forces:
For the Maugis-Pollock model without capillary and electrostatic forces:
For the Maugis-Pollock model with capillary and electrostatic forces:
Hydrodynamic Forces and Torques
Soltani and Ahmadi [47, 48] pointed out that the particle detachment process is strongly affected by the near-wall turbulent flow structure. This flow structure includes burst and inrush processes. In this section, the peak near-wall velocity during turbulent burst/inrush and the corresponding hydrodynamic forces and torques are briefly outlined.
Burst/Inrush Model
Soltani and Ahmadi [47, 48] reported that the maximum instantaneous streamwise velocity experienced locally near the wall during the turbulent burst/inrush process given in wall units is:
where:
Here, u * is the shear velocity, ν is the kinematic viscosity of air and u M is the maximum velocity at a distance of y from the wall. For a particle attached to a wall, the fluid velocity at the center of the particle is obtained from equation (23), i.e.:
where d + is the nondimensional particle diameter given as:
In this case, the drag force acting on the particle is given as:
where ρ is the density of the air and C c is the Cunningham factor given as [66, 67] :
Here the Kn is the Knudsen number defined as:
where λ is the mean free path of air.
The corresponding moment of the hydrodynamic force acting on the particle is given as:
The lift force acting on the particle is very small compared to the adhesion; capillary and electrostatic forces are therefore is neglected in this work. For a polystyrene particle with a diameter of 10 µm in a shear velocity of 1 m/s, the pull off forces is 2550 times larger than the lift force.
Particle Detachment
Soltani and Ahmadi [39] evaluated the minimum critical shear velocity for rough particle detachment with electrostatic forces in turbulent flows. Soltani and Ahmadi [47] also studied the minimum critical shear velocity for removing different size particles in the absence of the capillary force. Recently, Ahmadi et al. [62] reported the effect of the presence of capillary force on particle adhesion and detachment in turbulent flows. They used a simplified version of moment detachment with the use of the JKR model and rolling and sliding detachment models. Very recently, Zhang and Ahmadi [63] used a maximum adhesion resistance moment model and the effective thermodynamic work of adhesion theory to study the minimum critical shear velocity for particle detachment with capillary force. In this section, the critical shear velocities for particle removal in humid air with capillary and electrostatic forces are evaluated with the use of the JKR, the DMT and the Maugis-Pollock models.
Substituting the expression for the hydrodynamic drag and torque into equation (16), the critical shear velocity for rolling detachment of spherical particles including the capillary and electrostatic force is obtained as:
where M max is the maximum adhesion resistance moment. The critical shear velocity for particle detachment according to the JKR, DMT and Maugis-Pollock models can be evaluated by substituting, respectively, the expressions for the maximum resistance moment from equations (18), (20) and (22) into equation (31) for M max .
Results
Force and Charge Analysis
In this section the results for the average Boltzmann, saturation and fixed 20 µC/g charge distributions are given. The results for the electrostatic, capillary and pulloff forces are also presented and discussed. The material properties for polystyrene, glass, nickel and steel that were used in this work are listed in Table 1 [50, 63] .
As for the dielectric constant, for polystyrene, a value of ε = 4 was used; for glass, a value of ε = 3.1 was used. Two electric fields are presented in the study, 5000 and 10 000 kV/m. Figure 2 shows the variation of the average Boltzmann charge carried by the polystyrene particles versus the particle diameter. It is seen that the average Boltzmann charge increase with the increase of the particle diameter. Figure 3 shows the variation of the saturation charge distribution and a fixed 20 µC/g charge with the diameter of polystyrene particles. Figure 3 also shows similar increasing trend as is seen in Fig. 2 . The saturation and fixed 20 µC/g charge carried by the particles increase with the increase of the particle diameter. The saturation charge in an electric field of 5000 kV/m is half of that in 10 000 kV/m. For particles smaller than 25 µm, the 20 µC/g charge distribution leads to smaller amount of charge as compared with the saturation charge. However, for particles larger than 50 µm, the 20 µC/g charge distribution is larger than the saturation charge distributions. Compared to Fig. 2,  Fig. 3 shows that the saturation and fixed 20 µC/g charge distributions are much higher than the average Boltzmann charge distribution. Figure 4 shows the variation of the combined Coulomb forces (Coulomb force and dielectrophoretic force) with the particle diameter for polystyrene particles carrying different charges in an electric field of 10 000 kV/m. It is seen that the combined Coulomb forces increase with the increase of the particle diameter. For particles carrying an average Boltzmann charge, the combined Coulomb forces are much smaller than those of particles carrying saturation and fixed 20 µC/g charges. The reason is that the average Boltzmann charge distribution is much smaller than the saturation and fixed 20 µC/g charge distributions, as mentioned above. Figure 4 also shows that corresponding to the amount of charge carried by the particles, for particles smaller than 50 µm, the combined Coulomb forces for particles carrying fixed 20 µC/g charge distribution are smaller than those of particles carrying saturation charge distributions. However, for particles larger than 50 µm carrying fixed 20 µC/g charge distribution, the combined Coulomb forces are larger than for particles larger than 50 µm carrying saturation charge distributions. Figure 5 (a) and 5(b) shows the variation of the image forces with the particle diameter for polystyrene particles carrying different charges. Similar to the trend in Fig. 4 , Fig. 5(a) and 5(b) shows that the image forces increase with the increase of the particle diameter. For particles carrying an average Boltzmann charge, the image forces are much smaller than those of particles carrying saturation and fixed 20 µC/g charges. The reason is that, in general, the average Boltzmann charge distribution is much smaller than the saturation and fixed 20 µC/g charge distributions. Figure 5 (a) and 5(b) also shows that for particles smaller than 25 µm, the image forces for particles carrying a fixed 20 µC/g charge distribution are smaller than those of particles carrying saturation charge distributions; but the image forces for particles larger than 50 µm carrying a fixed 20 µC/g charge distribution are larger than for such particles carrying saturation charge distributions. It is also seen from Fig. 5 (a) and 5(b) that the image forces for particles carrying the saturation charge distribution in an electric field of 5000 kV/m are smaller than those for particles in Figure 6 . Variation of the polarization forces with the particle diameter for polystyrene particles in different electric fields.
Boltzmann, Saturation and Fixed 20 µC/g Charge Distributions
Coulomb and Dielectrophoretic Forces
Image Force
10 000 kV/m. Compared to Fig. 4 , Fig. 5(a) and 5(b) shows that the image forces are smaller than the combined Coulomb forces. Figure 6 shows the variation of the polarization forces with the particle diameter for polystyrene particles in different electric fields. Similar to Fig. 5, Fig. 6 shows that the polarization forces increase with the increase of the particle diameter; the polarization forces for particles in an electric field of 5000 kV/m are smaller than those for particles in 10 000 kV/m. Compared to Figs 4 and 5, Fig. 6 shows that the polarization forces are smaller than the image forces and combined Coulomb forces for particles carrying the saturation and fixed 20 µC/g charge distributions but larger than the image forces and combined Coulomb forces for particles carrying the average Boltzmann charge distribution. Figure 7 shows the variation of the capillary and pull-off forces with the particle diameter for polystyrene particles on a polystyrene substrate. It can be seen from Fig. 7 that the capillary and pull-off forces increase with the increase of the particle diameter, and capillary forces are much larger than the pull-off forces. Compared to Figs 4, 5 and 6, Fig. 7 shows that the capillary forces can be smaller than the combined Coulomb forces for particles carrying the saturation and fixed 20 µC/g charge distributions. Capillary forces can also be smaller than the image forces for particles carrying the fixed 20 µC/g charge distribution, but can be larger than the polarization forces. In addition, capillary forces can be larger than the image forces for particles carrying the saturation and Boltzmann charge distributions. Variation of the capillary and pull-off forces with the particle diameter for polystyrene particles on a polystyrene substrate.
Polarization Forces
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Critical Shear Velocity for Particle Removal
In this section the results for the detachment of particles of different sizes and various materials from substrates of various materials are presented and discussed. All results are presented in terms of critical shear velocity, u * c , which is the minimum shear velocity needed to remove a particle from the substrate. For the particles in the turbulent flow, the near-wall velocity during the burst/inrush of turbulent flow was used in the analysis. Figures 8, 9 and 10 show different adhesion model predictions for the variations of u * c with particle diameter in different electric fields for the rolling detachment of polystyrene particles with Boltzmann charge, saturation charge and fixed 20 µC/g charge respectively from a polystyrene substrate for dry conditions. Here the Coulomb force and dielectrophoretic force are directed towards the substrate. Figure 8 shows that the critical shear velocity decreases with the increase of the particle diameter. That is, as expected, small particles are more difficult to remove than the larger ones. Figure 8 also shows that the critical shear velocity as predicted by the JKR adhesion model is the largest. The predicted critical shear velocity by the DMT model is less than that by the JKR model. The predicted value by the MaugisPollock model, which accounts for plastic deformation, is lower than those by the JKR and the DMT models for elastic deformation. The differences are small for smaller particles, but become relatively large for larger particles. As suggested by Zhang and Ahmadi [63] , these differences are due to the variations of the maximum adhesion resistance moments for the JKR, the DMT and the Maugis-Pollock models. Figure 8 also shows that the critical shear velocities in an electric field of 5000 kV/m are lower than those in 10 000 kV/m. The reason is that the electrostatic Figure 8 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of polystyrene particles with an average Boltzmann charge distribution from a polystyrene substrate in the presence of different electric fields without capillary effects. Coulomb force and dielectrophoretic force are directed towards the substrate. Figure 9 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of polystyrene particles with saturation charge distribution from a polystyrene substrate in the presence of different electric fields without capillary effects. Coulomb force and dielectrophoretic force are directed towards the substrate.
Critical Shear Velocities in the Presence of Electrostatic Forces
forces increase with the increase of the electric field strength. The differences are small for smaller particles, but become large for larger particles. The reason is that larger particles carry more charges, as seen from equations (3) and (5) . Although the images force for Boltzmann charge decrease with the increase of the particle di- ameter, the electrostatic forces still increase overall with the increase of the particle diameter, as shown by equation (8) .
Figures 9 and 10 show a similar trend as that in Fig. 8 . The critical shear velocity predicted by the JKR adhesion model is the largest, and the predicted value by the Maugis-Pollock model is lower than those by the JKR and the DMT models; the differences are small for smaller particles, but become relatively large for larger particles. The critical shear velocities in an electric field of 5000 kV/m are lower than those in 10 000 kV/m; for Fig. 9 , the differences are small for smaller particles, but become large for larger particles. While for Fig. 10 , although the differences are small for smaller particles and become large for larger particles, the differences do become smaller again for particles larger than 30 µm. As noted before, for a fixed charge of 20 µC/g, and particles larger than 30 µm, the image force becomes comparable to or larger than the combined Coulomb and dielectrophoretic forces. This implies that the electric field effect is smaller. Figure 9 shows that the critical shear velocity decreases with the increase of the particle diameter. Compared to Fig. 8 , Fig. 9 shows higher shear velocities. The reason is the electrostatic forces acting on particles with a saturation charge are much higher than those on particles with an average Boltzmann charge. Figure 10 shows that for small particles, the critical shear velocity decreases with the increase of the particle diameter; for large particles, the critical shear velocity increases with the increase of the particle diameter due to the higher charges that large particles obtained for a fixed charge of 20 µC/g. Compared to Fig. 8, Fig. 10 shows higher shear velocities for large particles. For small particles, shear velocities in Figs 8 and 10 are almost same. Compared to Fig. 9, Fig. 10 shows higher shear velocities for large particles and lower shear Figure 11 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of polystyrene particles with an average Boltzmann charge distribution from a polystyrene substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed towards the substrate.
velocities for small particles. This is because, for a fixed charge of 20 µC/g, the amount of charge on a particle is proportional to its mass; small particles have a small charge, similar to those with Boltzmann charge distribution, but less than those with saturation charge distribution. Large particles have a much higher larger charge compared to those with Boltzmann charge and saturation charge distributions. Thus, shear velocities for small particles in Figs 8 and 10 are almost same, while the small particles shown in Fig. 10 have lower shear velocities than those in Fig. 9 . For large particles, Fig. 10 shows higher shear velocities than those of both Figs 8 and 9. Figures 11, 12 and 13 show the variations of u * c with particle diameter as predicted by different adhesion models in the presence of capillary effects and different electric fields for the rolling detachment of polystyrene particles with Boltzmann charge, saturation charge and fixed 20 µC/g charge, respectively, from a polystyrene substrate. Here Coulomb force and dielectrophoretic force are directed towards the substrate. The trends are similar to those observed in Figs 8, 9 and 10. Figure 11 shows that the critical shear velocity decreases with the increase of the particle diameter. The JKR model predictions are slightly higher than those from the DMT model. The predictions from the Maugis-Pollock model for u * c are the lowest for large particles, but slightly higher than those from the DMT model for small particles. Compared to results presented in Fig. 8, Fig. 11 shows higher critical shear velocities. This implies that the presence of capillary force significantly increases the critical shear velocity for particle rolling removal. Figure 11 also shows that the critical shear velocities in an electric field of 5000 kV/m are lower than those in 10 000 kV/m, but the differences are relatively small compared to results presented in Fig. 8 . Because the figures are in logarithmic coordinates, this does not mean that the absolute values of the differences are smaller. This does mean that when Coulomb and dielectrophoretic forces are directed towards the substrate, the relative effects of the electrostatic forces decrease in the presence of capillary effects. Figure 12 shows that the critical shear velocity decreases with the increase of the particle diameter. Compared to Fig. 11, Fig. 12 shows higher shear velocities. Figure 13 shows that, for small particles, the critical shear velocity also decreases with the increase of the particle diameter; however, for large particles, the critical shear velocity increases with the increase of the particle diameter due to the higher charge that large particles obtained for a fixed charge of 20 µC/g. In contrast to Fig. 11, Fig. 13 Figures 12 and 13 also show that the critical shear velocities in an electric field of 5000 kV/m are lower than those in 10 000 kV/m; the differences are small for smaller particles, but become large for larger particles. But the differences are relatively smaller compared to results presented in Figs 9 and 10, which means that the relative effects of the electrostatic forces decrease in the presence of capillary effects. However, in contrast to Fig. 10 , for particles larger than 30 µm, the differences in Fig. 13 do not become smaller again. The reason is same: in the presence of capillary effects, the relative effects of the electrostatic forces are decreased. For that reason, the small particles (Fig. 9 ) have higher shear velocities than those in Figs 8 and 10 , while shear velocities in Figs 11, 12 and 13 are almost same. Figures 14, 15 and 16 show the variations of u * c with particle diameter as predicted by different adhesion models in the presence of capillary effects and different electric fields for the rolling detachment from a glass substrate of glass particles with Boltzmann charge, saturation charge and fixed 20 µC/g charge, respectively. Here the Coulomb and dielectrophoretic forces are directed towards the substrate. The trends are similar to those observed in Figs 11, 12 and 13. Figure 14 shows that the critical shear velocity decreases with the increase of the particle diameter. The model predictions from the JKR model are higher than those from the DMT model. The predictions from the Maugis-Pollock model are the lowest. Figure 14 also shows that the critical shear velocities in an electric field of 5000 kV/m are lower than those in 10 000 kV/m. Compared to Fig. 11, Fig. 14 shows lower critical shear velocities. This implies that for particles with Boltzmann charge distribution, de- Figure 14 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of glass particles with an average Boltzmann charge distribution from a glass substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed towards the substrate. Figure 15 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of glass particles with saturation charge distribution from a glass substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed towards the substrate.
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taching glass particles from a glass substrate is easier than detaching polystyrene particles from a polystyrene substrate. Figure 15 shows that the critical shear velocity decreases with the increase of the particle diameter. Compared to Fig. 14,  Fig. 15 shows higher shear velocities for large particles. Figure 16 shows that for small particles, the critical shear velocity decreases with the increase of the particle Figure 16 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of glass particles with 20 µC/g charge distribution from a glass substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed towards the substrate.
diameter; for large particles, the critical shear velocity increases with the increase of the particle diameter due to the higher number of charges that large particles obtained for a fixed charge of 20 µC/g. Compared to Fig. 14, Fig. 16 shows higher shear velocities for large particles. Compared to Fig. 15, Fig. 16 Fig. 12, Fig. 15 shows lower critical shear velocities. This implies that for particles with saturation charge distribution, detaching glass particles from a glass substrate is easier than detaching polystyrene particles from a polystyrene substrate. Compared to Fig. 13 , for the Maugis-Pollock model, Fig. 16 shows lower critical shear velocities. While for JKR and DMT models, Fig. 16 shows lower critical shear velocities for small particles, but slightly higher critical shear velocities for large particles. Because glass is basically an elastic material, the JKR and DMT models may be more suitable. This implies that for small particles with fixed 20 µC/g charge distribution, detaching glass particles from a glass substrate is easier than detaching polystyrene particles from a polystyrene substrate; for big particles, detaching glass particles from a glass substrate can be a little more difficult than detaching polystyrene particles from a polystyrene substrate, but there is no significant difference. 18 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of polystyrene particles with 20 µC/g charge distribution from a polystyrene substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed away from the substrate. Figures 17 and 18 show the variations of u * c with particle diameter as predicted by the different adhesion models in the presence of capillary effects and different electric fields for the rolling detachment of polystyrene particles with saturation charge and fixed 20 µC/g charge, respectively, from a polystyrene substrate. Here the Coulomb and dielectrophoretic forces are directed away from the substrate. Figure 17 shows that the critical shear velocity decreases with the increase of the particle diameter. The model predictions from the JKR model are slightly higher than those from the DMT model. The predictions from the Maugis-Pollock model for u * c are the lowest for large particles, but slightly higher than those from the DMT model for small particles. Compared to results presented in Fig. 12, Fig. 17 shows lower critical shear velocities for large particles, especially in an electric field of 10 000 kV/m. This implies that in the presence of capillary force, when directed away from the substrate and under a strong electric field, Coulomb force and dielectrophoretic force significantly decrease the critical shear velocity for large particle rolling removal. Figure 17 also shows that the critical shear velocities in an electric field of 5000 kV/m are higher than those in 10 000 kV/m, and the differences are relatively larger compared to results presented in Fig. 12 , where Coulomb force and dielectrophoretic force are directed towards the substrate. This means that the relative effects of the electrostatic forces increase when Coulomb force and dielectrophoretic force are directed away from the substrate. Figure 18 shows that the critical shear velocity in an electric field of 5000 kV/m decreases with the increase of the particle diameter for small particles, but increases slightly for large particles. In an electric field of 10 000 kV/m, however, the critical shear velocity decreases with an increase of the particle diameter. The model predictions from the JKR model are slightly higher than those from the DMT model. The predictions from the Maugis-Pollock model for u * c are the lowest for large particles, but slightly higher than those from the DMT model for small particles. Compared to results presented in Fig. 13, Fig. 18 shows lower critical shear velocities for large particles, especially in an electric field of 10 000 kV/m. This implies that in the presence of capillary force, when directed away from the substrate especially under a strong electric field, Coulomb force and dielectrophoretic force significantly decrease the critical shear velocity for large particle rolling removal. Figure 18 also shows that the critical shear velocities in an electric field of 5000 kV/m are higher than those in 10 000 kV/m, and the differences are quite larger compared to results presented in Fig. 13 , where Coulomb force and dielectrophoretic force are directed towards the substrate. This means that the relative effects of the electrostatic forces increase when Coulomb force and dielectrophoretic force are directed away from the substrate. Figures 19 and 20 show the variations of u * c with particle diameter as predicted by the different adhesion models in the presence of capillary effects and different electric fields for the rolling detachment of glass particles with saturation charge and fixed 20 µC/g charge, respectively, from a glass substrate. Here the Coulomb force and the dielectrophoretic force are directed away from the substrate. Figure 19 shows that the critical shear velocity decreases with an increase of the particle di- Figure 19 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of glass particles with saturation charge distribution from a glass substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed away from the substrate. Fig. 15 , Fig. 19 shows lower critical shear velocities for large particles, especially in an electric field of 10 000 kV/m. This implies that in the presence of capillary force, when directed away from the substrate and under a strong electric field, Coulomb force and dielectrophoretic force significantly decrease the critical shear velocity for large particle rolling removal. Figure 19 also shows that the critical shear velocities in an electric field of 5000 kV/m are higher than those in 10 000 kV/m, and the differences are relatively larger compared to results presented in Fig. 15 , where Coulomb force and dielectrophoretic force are directed towards the substrate. This means again that the relative effects of the electrostatic forces increase when Coulomb force and dielectrophoretic force are directed away from the substrate. Figure 20 shows that the critical shear velocity decreases with the increase of the particle diameter for small particles, but increases for large particles. The model predictions from the JKR model are slightly higher than those from the DMT and Maugis-Pollock models. The predictions from the Maugis-Pollock model for u * c are the lowest. Compared to the results presented in Fig. 16 , Fig. 20 shows lower critical shear velocities for large particles, especially in an electric field of 10 000 kV/m. This implies that in the presence of a capillary force, Coulomb force and dielectrophoretic force, when directed away from the substrate especially under a strong electric field, significantly decrease the critical shear velocity for large particle rolling removal. Figure 20 also shows that the critical shear velocities in an electric field of 5000 kV/m are higher than those in 10 000 kV/m, and the differences are relatively larger compared to results presented in Fig. 16 , where Coulomb force and dielectrophoretic force are directed towards the substrate. This again means that the relative effects of the electrostatic forces increase when Coulomb force and dielectrophoretic force are directed away from the substrate. Figure 21 shows the variations of u * c with particle diameter as predicted by different adhesion models in the presence of capillary effects and different electric fields for the rolling detachment of glass particles with saturation charge from a steel substrate. Here the Coulomb and dielectrophoretic forces are directed away from the substrate. Figure 21 shows that the critical shear velocity decreases with an increase of the particle diameter. The model predictions from the JKR model are higher than those from the DMT and Maugis-Pollock models. The predictions from the Maugis-Pollock model for u * c are the lowest. Compared to results presented in Fig. 19, Fig. 21 shows higher critical shear velocities. Figure 21 also shows that the critical shear velocities in an electric field of 5000 kV/m are slightly higher than those in 10 000 kV/m, but the differences are relatively smaller compared to the results presented in Fig. 19 . This means that in the presence of capillary force, when Coulomb force and dielectrophoretic force are directed away from the substrate and under an electric field, the relative effects of the electrostatic forces are material dependent. The effect for rolling detachment of glass particles with saturation charge from a steel substrate is smaller than that for rolling detachment of glass particles with saturation charge from a glass substrate. Figure 21 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of glass particles with saturation charge distribution from a steel substrate in the presence of capillary effects and different electric fields. Coulomb force and dielectrophoretic force are directed away from the substrate. Figure 22 . Variation of the critical shear velocities with the particle diameter as predicted by different adhesion models for resuspension of polystyrene particles from a polystyrene substrate without electrostatic effects. Figure 22 shows the variations of critical shear velocities with particle diameter as predicted by different adhesion models for the rolling detachment of polystyrene particles from a polystyrene substrate with or without capillary effects in the condition without electrostatic forces. It can be seen from Fig. 22 that the critical shear velocity decreases with the increase of the particle diameter. For both cases, with or without capillary effects, the model predictions from the JKR model are higher than those from the DMT and Maugis-Pollock models. For the case without capillary effects, the predictions from the Maugis-Pollock model for u * c are the lowest; while for the case with capillary effects, the predictions from the Maugis-Pollock model for u * c are the lowest for large particles, but slightly higher than those from the DMT model for small particles. It can be also seen from Fig. 22 that capillary effects significantly increase the critical shear velocity. Comparing the three lines without the capillary effects in Fig. 22 with those in Figs 8, 9 and 10, shows that the electrostatic forces have a major effect on the increase of the critical shear velocity for large particle detachment.
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Comparison with Experimental Data
This section compares the model predictions with the experimental data of Taheri and Bragg [58] and Hays [27] . The experiment of Taheri and Bragg was concerned with the resuspension of glass particles from a smooth glass surface under normal room temperature and humidity for a range of air velocities between 2 and 130 m/s. Their results agree well with the predictions by Soltani and Ahmadi [49] for particle resuspension in moist air, which implies the existence of a capillary force. The experiments of Hays [27] studied the electrical detachment of charged 13 µm toner particles under an electric field from a nickel carrier bead with an average charge of 3 × 10 −14 C, where the Coulomb force and dielectrophoretic force are directed away from the substrate. They found, for toner particles carrying different charges, corresponding critical electric detachment fields under which the particles' electrostatic forces exactly balance the adhesion forces, thus allowing particles to be detached. Figure 23 shows the comparison of the critical shear velocities as predicted by each of the three adhesion models with the experimental data of Taheri and Bragg [58] for resuspension of glass particles with an average Boltzmann charge distribution from a glass substrate in the presence of capillary effects. It can be seen from Fig. 23 that the critical shear velocity decreases with the increase of the particle diameter, and the model predictions for the JKR theory are slightly higher than those for the DMT theory, while the predictions from the Maugis-Pollock model lead to the lowest critical shear velocities. It also can be seen that the predicted critical shear velocities from the JKR and DMT models with capillary force agree very well with the experimental data of Taheri and Bragg [58] under a humid air condition, while the predicted critical shear velocity from the Maugis-Pollock model with capillary force is slightly lower than the experimental data. The reason is the Maugis-Pollock model accounts for the plastic deformation at the particle-surface contact, but glass-glass contact may be better modeled with an elastic deformation model such as the JKR or DMT theory. Figure 24 shows the comparison of the critical electric detachment fields for 13 µm particles by the JKR model with the experimental data of Hays [27] for toner (PSL) particles on a nickel carrier bead without flow or capillary effects. It can be seen from Fig. 24 that the critical electric detachment fields increase with the increase of the charges carried by the particles. The reason is that Coulomb and dielectrophoretic forces are related to the amount of charge and the electric field, while image force is related to the square of the amount of charge. When the charge increases, the image force toward the substrate increases much faster than the Coulomb and dielectrophoretic forces increase; therefore, an increased electric field is needed to increase the Coulomb and dielectrophoretic forces further to bal-ance the image force. Although the polarization force is related to the square of the electric field, polarization force is too small to play an important role. Figure 24 shows that the predicted electric detachment fields from the JKR model are higher than the experimental data. The reason is that the toner particles are not smooth particles. The coarse surface roughness of the toner particles will decrease the particle adhesion force and therefore decrease the electric detachment fields.
The analysis performed here was focused on micron size particles. However, the model can also be applied to sub-100 nm particles. The fluid drag and hydrodynamic moment then need to be evaluated using appropriate corrections for slip velocity and/or with the use of the molecular dynamics method.
It should be noted that the presence of electric field may vary the liquid contact angle due to the electrowetting effect. According to [68, 69] the electrowetting effects could be quite important. In this study, however, we assumed that the particles are deposited on the substrate under dry condition. Then the liquid meniscus forms due to vapor condensation around the particle-substrate contact area. Therefore, the particles and the substrate are not separated by a liquid film, and the van der Waals forces between the particles and the substrate are not affected by the presence of the liquid meniscus. When the particles are charged also the electrowetting effects are neglected in the present analysis.
Conclusions
Particle re-suspension including the effects of capillary and electrostatic forces based on the maximum adhesion resistance in turbulent flows was studied. The effective thermodynamic work of adhesion including the effects of electrostatic and capillary forces was used in the analysis. The JKR, DMT and Maugis-Pollock models were extended to include the effect of electrostatic and capillary forces. The critical shear velocities for removal of particles of different sizes were evaluated. The model predictions were compared with the available experimental data. Based on the results presented in this work, the following conclusions are drawn:
• The capillary forces significantly increase the critical shear velocity for particle detachment; while the electrostatic forces only have major effects on the increases of the critical shear velocity for large particle detachment.
• The critical shear velocity predicted by the JKR adhesion model is somewhat higher than that predicted by the DMT and the Maugis-Pollock models.
• In general, the Maugis-Pollock model leads to the lowest critical shear velocity.
For the rolling detachment of polystyrene particles from a polystyrene substrate in the presence of capillary effects, the predictions from the Maugis-Pollock model for u * c are the lowest for large particles, but slightly higher than those from the DMT model for small particles.
• For particles in an electric field of 5000 or 10 000 kV/m with Boltzmann charge or saturation charge distribution, the critical shear velocity decreases with the increase of the particle diameter; for particles with fixed 20 µC/g charge distribution, the critical shear velocity also decreases with the increase of the particle diameter for small particles, but increases with the increase of the particle diameter for large particles.
• When Coulomb force and dielectrophoretic force are directed towards the substrate, the relative effects of the electrostatic forces decrease in the presence of capillary effects.
• When Coulomb force and dielectrophoretic force are directed towards the substrate, the critical shear velocities for large particles with fixed 20 µC/g charges are higher than those with Boltzmann and saturation charges; while the critical shear velocities for smaller particles with fixed 20 µC/g charges are higher than those with Boltzmann charge but lower than those with saturation charge; for very small particles, the critical shear velocities for particles with Boltzmann, saturation and fixed 20 µC/g charges are almost same.
• In the presence of capillary force, when Coulomb force and dielectrophoretic force are directed away from the substrate, the relative effects of the electrostatic forces increase. These relative effects are material dependent. Under a strong electric field, Coulomb force and dielectrophoretic force significantly decrease the critical shear velocity for large particle rolling removal.
